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is ZJIUIRODUCTION

on fawch 15, 1979, & 4yroup Of 1nvestigators at the Vuiversity ot
sScouthern Caiitornia Lbegan work in dagitad coamunications under a large
reseacch contiact trow the Aray hesearca Uftice. This grant was the
cutgrowth of ettores  to combine sSeveral saaller ‘grants for
adainistrative purposes and to encourage cullaboration on <research
provlems o0f sigunifacaur interest to tae Arnmy. Tais tirst block
contract was for a duration of three years, enaing on Barch W, 1932,
Due to delays in tae runding of a follow-on contract, tae initial

ending date was extenced with adaed costs to Auwjust 31, 19s2.

The original progosal, a joint ettorce ot tea Co-principal
investigators, (see section II) ancluded etforts in several areas or
interest, nasely spread—spectrum code design and sync acquisition,
burst cosaunications, network synchronizatioan, radar pulse compression

designs, coasaunication over “amessy" channelis, and certain topics in

systes theory and signal processing. signitxcant. proyress has been

made 1in most cf these areas, w#with virtually none of the proposed
probleas having been founa totally intractable. Rather, our amajor
tesearch ditticuities have arisen frua limited resources, nasaly tiae,

research assistants, and coamputer facilities. Iaproveuwents in the

latter two iteas have been -included 1o the “ follow—on grant,

DAMG—-29=—82-K-0142, which coamenced Sepieaber 1, 1%b2.

This initial contract and the organization which at imposed on the
facuity. was one acriving torce iu the <forwatioa ot & Cosmunication

Sciences instatute at USC. Hopefully the Csl structure will
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faciiitate the auwinistlatiol alid GILeCtlOon Of L[LULUre Iesearcn efturts

Al COmmuACativns.

Througgout thne duratiob Oof this contract, Oour geportinyg ovjective has
Deen to placCe researcCa results an toe open literature waere taney will
be avarlaple t¢ aii. Accordingly, section III of this final. report
consists of a listing o1 papers produced under tnisS coantract, alony

with their anpstructse.
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Comments trom R. Gagizrardi

in this task sSeveral probleas vere eXamaned in the areas of
synchronization, timing, and multiplexing in digital systeas. The
major eftfort vas ia the darea of nultiple#xng aultaiple, independent
data l1inks over a common quadrature channel. the study prodaced one
paper and is the topic of the Ph.D. dissertation of B. Anderson
presently under pregpactation. The primary énjective was to deteraine
the degradation eftect of sending wore thas two data streams over a
generalized (2SK chdnne;.. Several encoding aasa optimal decodiag
sSchemes were considered and perrormance levels vere coaputed in tecas

of error probabilities and increased channel capacities.

A study of pnase referencing an BPSK systems, using Costas loops

augeented by auxiliary gain control loops, was also completed.

FREREEERREEBREERKERE

— R. Gagliardi, and R. Anderson, ®"M-Link Multiplexing anad
Demodulation for tae Quadrature Channel™, Proc. of the
National Telecoamuwpications Conterence, idouston, Texas, Dec.
1980. (30 copies seut with prior report)

In (QPSK signaling two indépendent data streams are transmitted over a
single carrier channel by separately encading each on to a quadrature
coaponent of the carrier. In this paper we 1investigate the
-possibility of encoding A inaependent (nour-synchronizeda aud unrelated

in data Tate) bat stlLeams siaultanevusly over tne same quadratuce

channel. The aultipleaing cau bLe viewed as the generation of a phase
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mudulated carriek WhaCh cCul paase shitit at any instant according to
tue DIt seyuences. VeCOdiNy Cudl be viewed aS separate pnase coherent
decodiny Ot eelh DIt Streal, OF €GUIVaieNLLY, a5 a mappiny of the
Guadrature waverurns iLto H-10la Vector estiwates ot the bat
sequences. It .5 shown that the entire muduiation and cemodulation
can be counveniently viewed in terms of sSignal vectors in Z2-dimensional
signal space, where the advantages ofi the various encoding formats is

cleacly depicted. Perrurmauce results for tue case M=3 are presentea.

EEEREBEEE LR LR T EpR pl K

— k. Anderson, syncoronous__ Muitipaexing for _the _Digital
Gugdratucre Cnanpnel, Uissertataon tu be presented to the
Blectricai £ngineeiring Vbepartsent, University of Soutaern
California, Falli ol (2n preparatiomn).

The cComaunicatiol propiem we wish to stuay is thnat of a digital
communicaii;; link servicinyg multipie Lndepeundent, asynchronous users
over a single, coamon, yvadrature caannel. B8 guadrature channel is
one using a single carrcier that cas bLe either amplitude and/or Phase
modulated for data transmission. Tae slitiple users coamunicate Over
this cosmou cChannel by haviug taeir data pits eucoded onto the
quadrature carrierc. If the datu bDits wvere aill aligned anad
syuchronized, commuanication can oOccur via standard block encoalag

scnemes, suca as nultiple—leVelfpnase sni1ft keying or amplitude saitt

keying, and pertormance of such systems is well documented. Whea the

user data is not SyLChionized, carrier encoding und receiver decoding

pcocedures arfe no lcnger owvicus, aud pertormance Canuot de readily

deternined £rom SYNChrohous resuits.
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1t oaly two usels Wwere tu pe acCuitiouated onh a guadrature channel,
asyhChrLonous cowwunlicdtiuvn Can be attained usiug Jguadrature phase
shife keyiné (CPEK) Tae two ddata SO0ULCes Can De oLthocgonally
Sedsented during transmission alid nO eirect Oor either SoULCe appears
iR the oOther Gcecoder. Waen more taan two Users are involved in a

guadrature channel, they cau ao longer be orthogonal, and some degree

OI Ccross-=couplaing occurs during mutuael decuding. <The procedures tor:

eancoaing and decoding asyunchrouous users must therefore be

re-exaiined, and supsequent pectormance Jlevels aust be couputed.

1u this dissertauion HeVHlll study, in gyeuneial termss, tecanigyues ot
encoaziay n (B>2) 1andepescent bit stfeams siauitalkevasly over the saae
yualreture cCaankLel. in particular, we are interested in the case
where each receiver 15 interested only in deciphering messages froa
its transmitter pair, ana each transsitter source is interested only
in cowmmunicating messages to its recexver. pair. Various types of
sodulation, or signalling technigues will be presented with the
ultimate objective or pPresenting comprehensive performance
capabilities ot eacn technigue as well as to study optiamal receiver
configurations fur thew. ‘Three critical pertorimance parameters are
utilized tO assess link performance; bit error rate (bER) perforamance
versus the siynad io noise ration, the occupied spectral pandwidta and

the statistical chanpel capacity.

EEREEEEERPEE R DL NE RS

’

-~ k. Gayliarda, »Coupled AGC—Costas Luops wita Al/pN
Conversions™, 1lEZ2 lrans._on _Cogumuauications, Vule <8, no. 1,

January 1980. (30 copies =ent witn prior report)
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Costas loops are invariably designed an conjunction with an automatic
gain control (uGC) louvp for stapiliiziny performance. 4o SUCh sSystens
an inpnetent coupling between the AGC and Coustas iloops uevelops,
compilcating the standard phase referencing aunalysis. This coupling
is turtaer emphasizea 1if <the gain control amplifier iatroduces an
AM/PR conversion, which causes power variations to enter the Costas
loop as phase variations. In this paper the coupling effect between
AGC and Costas loops 1is developed, leading to a pair ot jJoing
intercounnected dynaaical tracking 10095., Some degree Or solution is
attainaple by assuwing a tirst order 4GC loop, ana Tresorting to
guasi-stationary analyeis ror eﬁaluating tne phase rerereancing
generativse. Results wath aud without Ad/PM are presented, and
iilustrate now an improper AGC may in tact degrade tane phase

referencing fros the exfected performancee.

B, OPTICAL COMMUNICATIONS

In this task proulems associated witn eacoding, decoding, and pointiang
methods toc future generation optacal comnunication systems were
studiea. Besults were ootained iu tne dareas of encoding and decoding
ot oétical PPN, statistical receiver moaeling, receiver performaace,
optical beam pointing and tracking, and possible tuture applications

of laser communications.

FERRERRREREL S RE SE R K

-~ G, Prati, and R. Gayliardi, "EBlock Lkncouing and Decouing for
the Opticais PFM Channeli®, IFEE tfrans. on Information ifheory,
Vole IT=28, Nu. 1, January Wbs, ppe. WU=105. (30 copies
sent with prior report)
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Puise pousaition muduiataion (FEY) 21s @ popelar signalang foraat in
pulsed optical coswunlrcation links. PkM  encoding 1s extended to
i0ciude DloCk pulse encoainy oOvei Bwultiple PPM  frawes. Maxiaub
lixelihood décoadiny OperatiVNs assucCldatea with this eucodiny dare
deveioped ror opotn sShot—noise liwlited and thersmal-noise linmited
opt;cal receiver audels. poth ideal (Poisson) and avalauche
pnotodeteciors are considered, and it is suown taat optimal block
decoders anvolve combinetivas of linear and quadratic ogerations.
Erroc propability bounas are presented, showing thne reiative
iaprovesaent in detectability taat appears pousSsible by resorting to

block encoding over muatiple frames.

BESSESFEE DS LS BB IEFEE

- K. Gagliardi and G. Prati, "On Gaassian Error Probapilities
in Uptical Receivers™, Ik:ig Trans. _on__Comunacations, Vol.
COt-8, Sept. 1980. (30 coples sent with prior report)

The output voltaye of an optical receiver 1s statistically a aixture
randoa variable, composed of the sus of a dxscretélcount variable and
a continuous Gaussian taermal noise variable. Based obp some coamputer
analyses, it is shown here that threshold crossiug propabrlities using
tue mixture deasaty can be reliably approximated by integratioas of an
eqguivalent cunt;nubus Gaussian  aensitye. The coanditaons for tais

approximation and an accurate assessment of its error are derived.

REBESERERURRE S 4 26 SKK

- #. vagliardi, "error Propapilities in Lasercoa PPN Systeas®,
Proceedings of the National Teleccanupications Conlerence,
Itck, Deceaber 1981, ppe BIWele 1=b10. Vel (20 coOples sent

S
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with prior report)

In laser COaAUNRiICuTLiOn (iadserLcoa) Systems, a popular siynaling scoeme
1s the use ot pulse position modulation (FPs) to transmit aigitad
data. Perrormauce evaluation then aepenis on tne resulting bit ercor
probability, 4s with any aigitdl link. As the encoding wpethoas used
with FPM pecOoBe mOLe CoOLplex, tae correépundxng error probability
formulas likewise recome more aifficult to evaluate. LIn this paper we
review and list sowe pDasic bit error propabpiiity equations that can bde
easily evaluated OrC cCcoaputed tor estimating expected sy stena
performance. At the power levels usuairLy occurring ia practice,
photOeléctron counts wili be redatively hagh (2 50) to 3justity the

Gaussian statistics useu in the computatioas.

REREREREEESE R BESEERE

— R. Gagliardi and M. Sueikh, *“Pointing Error Statistics in
Qptical beam Tracking®, IEEE Trans. _on__Aerospace and
Blectronic__ _Systeus, Vol. AES—ib, NO. 5, Ppp. 674682,
Septeaber, 1980. (30 copies sent wita prior report)

In tracking optical beams froa a source, a pointing error signal is
derived froa photodetecting the 1tield in the receiver focal plane.
This error sigaal 1s then used 1n suse manner to cuatcul a gimballed
system that contihualliy points the receiver optics toward the source.
Wnen tae source tield undergoes turbulent traussmissaon, the optical
beam 1s attenuatec and scattered, and tbe fieid is randomiy defocused
at the receiver. in this case the pointing error or the tracking

system wiii evolve as a randos vector proucess in time, statistically

Ltelated to the ruhaowm Scattering, the photoudetection process, ana the

- B A -1
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Qynanlc of the_ yiuwbaliliny sysStem. S5uch vector processes have
PrUpapially uensities taat satisty well-—kunown ditferential eguations.

fﬂ These egquations are derived in terms Of acceptea scatterauy models aund
. tracking systens, assubiuyg guadraut-—type eLlor detectolfs are used in
the tocal plane. Approximate solutions are obtaihed ana ahalyzed tor

!! typical operating conaitions, and the manner in vaica tae degree ot

L sScattering aeyrades tae entire pointing operation is shown.

i EREREEERRRES R EEEREES
Y

~ h.M. Gagliardi, "uptical Cosaunications ror Dbeep Spuce
Satellite Missions," Eroce Of__the SPI£, sau Diego,
California, Aug. 1960. (40 cupies seut wita prior report)

e

Some initial consiuerations are given for an karth-orbiting reiay

system using optical data link trow deep space aad RZ links to ground.

At An eh aeohs SRS S

ni -

The advantayes Ofr Such a systea are presented, and sowe preliminacy
design.councepts and modulation toraats are proposed. The tracking ana
pointing problem is discussed with sume indication of capabilities and

‘i lisitations.

The use of laser peaws ror satellite comwunications is nov being

developed as a viable systeam alternative. necently there has oeen

-

ik

interest in extending these optical systemas t0 deep space wmissiuns.

Although the clear weatper advantages of a terrestrial deep-—space link

- are apparent, the deletorious effect or atsosphere, weather, aad

P
& turbulence BUSt Le takeu intue accouat. Tuese eftects coaebine to

Py

introduce Girect attesuataon, possible ovutaye times, and piace

. Lestrictiovns on the Winikul values oOf Deas widtas and poaating

’ EPT ) - m_ala -~ tm a P T e - il bl e —
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3 acCuracCies. A systewr tnat retalns tue Optical transaission advantages
. while avoiding the nazaras of Weather etfects 1s the empivysent ot an
i optical relay system. kLere a satellite relay, lucated ourside tae

3
r
v
;f
P
he

carth®s atnosphere, maintains an optical receiver tor the reception of
deep space transnissions. Tae oOptical receiver operates in
conjuaction with an RP verrestrial iink tor aata return to Earth. 1In
this report some prelisinary desiyn coasiderations, perforaance
capapilities, and apparent problem areas are preseuted for a

nypotaetical optical deep Space—reiay systén.

C: PROPERTIES OF SEQUENCES WITH SPECIM. BECURSION AND

BESREREEEREEE SR EEES $

- S.¥. Goiomb, %“On the Classification orf Balanced Binary
n
Sequences of Period 2 -, IEg2 _Trans. on__Informatjoa
prior report)

n
Let U be the set of all binary sequences of period p=2 -1 ocoataining

(p*1) /2 ones and (p-1)/2 2zeros per period. There is a lattice of

PRl Nt

interesting subsets of U, the smaisest of which is set PN (toe

; 4N

maXinum—leangtn linear shift register sequeaces of period p). In
E between are sets witn the run statiscics ot PN, with tne correlation
E‘ properties of PN, waith the "span—-o property™ (that every nouzero
E supseguence of length n occurs in each period), and others. Results
é concerning the interrealtaionships vof these subsets are noaeapty, and

couljectures are itursulated regardiug Otoner anterLsections of supsets.
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fFor example, 1t 1S cCunjecturea toat aii spah—i seqguences with the
tvo-level aUtocullelation plLuperty are in class PN, Soae
reldtionships Detween U properties ana Correiation prouperties ot

bipary seyuences ale alscv obtained.

SERRERPEREE S E L8 BEEE R

- - U. Chneng, Frouperties _of Segquences, Fa.D. Dissertation,
Departaent of tlectrical bagineerainy, UOniversity of Southern
Calitornia, Los Angeles, CA, Dvecemper 1981. (1 copy sent
with prior report)

Tue major gual OI tnls reSealCo 15 to gevelor more properties adout

seguences. Severad interestiny topics are discussed, which include:

[ 1) tae relatiouns Detween run distiliLutions and perioaiC  autu—

b - corfeiativns, 2) the auto—correliatction propeties of span—-n seyuences,

3) a Dpnew way to seatch for all the two-level auto-correlation

. sequances of certaia period, 4) tue cycies periods distributions of
sume Donhlipear snitt registels, and 5) Golompn®s seguences.

”

l! The formula which relates the peciodac auto-correlations and run
; distriputions states taat the periodic auto-correlations can pe
detern;nea £roa the nuaber or various kiads ot suits in the Sequeuce,
;‘ wpelte sulte is _tne concept detinec DY tne number OI runs and tae

length -0of the vector which consists vf these ruans..

The span-n sequences which have two-level auto—corcelations nave Deen

bt
- -

interpreted rroa both tne high—oOruer auto-correlatioas ana the

alyebraiCc-uonOBOIPLiC tUNCtlLL meJUences poiat Ut view.

LUNEAS A S et ACAR
SRS

By using the Lesults about cyclic aattercnce set, we are able to riaa

1
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all the two=level Jauto—CurTeldtlui Seguences Of perioca 25 . Trhere
are, iu total, 64 of thei. Lowevel, NUlle Of tiek Cal SeLve as the
counter—exawple for Golousb®s conjectures. Amsong 80 two-level
auto=correiation seyuelncCes or peraca 127, except tor 18 PiN-sequences,
tvo or tnew are of tne most interest Dpecause taey satisty the
randosness p:operties; that is, they are couaster—exaasples tor one of

Goloabts conjectures.

The cycles peravas distrubutions of the noniinear shift registers
wause teedback tunctions possess certdin kinds of syswmetry are very
simple. Actually, the psrivas ol tnese Ccyclies are always tba factors
of an integer detesimineu vy taue teeddacx tuaction. And, usually, this
kind of nonlinear shift registers canuot generate a de 3Bruijn

sequence.

. e

A nevw recursive integer seyuence 1s defined and some statasticaa data
is defived. These data saow that tals Sequeuce possesses the randoms
natnzé. Its simpiified version, cailal Golomb*s sequence, is studied
in detail. The cycle structucre of Goloab®s sequence 1s developed and

the aléorithus t0 counstruct sosme interesting cycles are given.

t 2 22T 22 22 2T Y2 2ty gty

- SJHo. Golomo, wCorrelatiun Properties of Periodic and
Aperiodic Seyueaces, ana Applicatious to dulti-~Oser
Systeas™, in fNew_ Concepts in Multi—User Comnunication, J.W.
SKWATLZynsSXi, ed., Sijatoufr & nooruahots International
Pubiisners, B.V. Alphen aan den Rajn, Tue Netaeslands, 1981,
ppe. 161=197, (Lhis DOOK contains the complete Proceedings of

" the 3rd NATO Advanceud Stucy lnstcatute.) (¢v copres e.closea
vitn tuis report)
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When two people wisa tO Speak at ONCe, we may ask them to await their
tugns, or to hola their conversatiods in separate rooms. These are
examples orf time davisiob and space divisiou of the avaiiabie channele.
Anotner strategy is to anave thew sSing a duet, one in tue soprano range
ana the other in the bass. This 1s frequency ajvisjog of the chaunel,
and 1i1f your ear is eguipped with a band—pgss filter, you can tune in
t0o one Or the other. ZThe probles of code divisjon i1s to write a duet
for two tenors, who will pe occupyiny the sawme regions in time, space,
anéd freguency, in suca a way taat 4 liistener can chouose to follow vne
or the other without getting contused. And 1f you can soive that
proplea, then we wili ask you to TtLy your nand at trios, octets, and
the Vienaa Boys® Choir. Would it help to have each one of thenm
singing a ditfereat language 2 I woulid accept that as an atteapt at
code division aultiple access (CDMA). You could. argue that if you
understand -only one of the languages being used, how could the otaers,
vhich you don®t underscand, possidbly contuse you 2 Well, they can. A
flippant responée is that we are constautly being contused by the

taings that we don®t understand.

The analytical approach to thas type Of probies is to recognize that
for a very large class of channeis, the optisum receiver is a
correlation detector, aua we would like diastinct aessages to have
sutually low cross—correiation. AS you sev, 1 ;n apout to mauke the
transition troa poiyphonics in the opera house to ay real subject,
which involves digital signals, usually binary, being typically sent
oveﬁ’t&dzo trequeacy cChaunels, thouga I reserve the right to aeation

sonar applications. Eut perore we leave lLa Scala, or Covent Gardens,

- -
— . athenmiionsssanfihs aasibesosll. - .
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oL tane liet, 1 would 1ike 1O syueeze one aore drop fruk wy operative
anhalogy. Lt is clearly easier to piCk up One voiCe Out Of t©wWo taan
one out of faifty, all cther things, 10Ciudinyg reilative sigual power,
beiny equal. We might imagalle a Ccouwposer with the combinatorial
virtuosity of a J.S. bach, or the geometric insight of a Wen. Bozare,
writiung parts fol eiayht tenours in suca & way that 1f any two of them
sing at once, 1v is reiatively easy tO separate taem. But taat is
clearly a ditferent probiew, and in geneirdal easier, than scoring for
them in a way tnat allows all eigat to sing at once and rewain
individually intelligaple. SO we nust distinguish, if we say we hnave
a good set of n signals tor Cima application, wnetner we expect only

two, or three. or all n, to be in use at the saume tiae.

AR g AR R R R K

— U. Cheuy and S.Ww. Gouioab, "Relatiuns Betweea  Run
Distributions and Periodic Auto—-Correlations"™, Supmitted to
IEEE Trans._ _on_lIantormation Theory. (3 preprint enclosed
vith this report)
General relations between ruan distrioutions ana perivdic
auto- correlations are developed. Rua distrabutions are described in
terns o0f entitles called suirtes which are sunsequences consisting ot
consecutave runs. Fcr periudic auto-correlations, only the lengths of
the suites and the aumber of runs 21n them are important. The
occurrences oOf Various n—~tuples in a given seguence are not mutually

independent. in tact, half of them are alrealdy enough tuo detersine

the others.
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- U. Caeng, end S.W. Golowb, “On tne hecursion d,=ap-a__,"»
Submitted to ipgormation and tontrol. (1 preprint ea sed
with this repourt)

Properties of tmne recusion a,= "‘“n-l afCe studied. A simple
algorathes tor the construction of ats cycles is giveu. The cycles for
wnich toe maximum terl is smaller  tnan tane periuvd are of special
interest. trampiles of such cycles are gLVen; lu fact, the perrod may
excesd the largest term of the sequence by an arpitrarily large
factor. |

— U. Cheny, aond S.W. Golomp, "On the Characterization of

PN Sequences", Submitted to the IEEE Trans. on Information
Theory. (1 preprint enclosed with this report)

: Do SOUL COBBINATORI A S
AND NUMBER THEORY APPLICABLE TO RESEARCH IN CODED COMMUNJICATIONS

EEEPEERERBEREEE RS KB & ‘

— S.d. Golomp, "Iterated Binomial Coerticients™, Aserican
dath. Monthly, Vol. 87, No. 9, NOV. 1980. (30 copies sent
with prior report)

It is traditional in matnematics to explore iteration of operations,
and when these are nom-comautative and Doa-asSsociative, there are
usually quite interescing properties to be uncov;red. Thus, there is
certainly nothiug bizarre about considering such expressions ds cb‘.
the result ot iterating the exponestial o eration. Par less cosson,
hovever, is discussion of the expression (:), the result of iteratin§

a
the "“piuoasial coetficieut operation®. Yet this expression even naS a

psatural comsbinatorial interpretation: ™the Lusber of subsets of size

a wnlcn can pe toimed trow the collection of subsets of size b froa a
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class or size c¢"; taat 15, tue nuaber Ot u—tuples aaa b~tuples an a
set ui sS1ze C. kerhaps 1t 1is peCause the notativn is ungai Lv.

)
€SpeClally waen we 1ttty to ccnsider fucthei iterates, such aa(( )

that this scunject hascﬁeeu negicCtede. {(The oider mnotation was no
Cp
better: (:a o and G e ©tCl)

Let us taerefore estaolish a notation acre amenable to Lypesettiag.
a
. _ L 1
Derine (ai;azg...;ak) iucuctivedly vy (ul) = al' (al.azj ( i(.and
(al ;azg...:ak_l;ak) = ((al:azz...:c 1) ak). Thus (al.r\z.a3) = g)
For k<3, vwe will freyuently continue to use tne "vertical unotation® as
welil as the “morizontal notation”™, beCause Ot 1tS greater faailiaritcy

aha visval impact.

In this paper, weA will explore identities, inequalities, equatioans,
divisibility properties, extremal prosleas, and reductivn foramulas
. involvang iteratea binoaial CoettiCients. This is 20t intended as a
detinitive treatment, but as an initial .expLOta.tion into rich new

i territory.

REFERRERE RS S £ 22 KRN ¥

- P. Erdos, A.L. Rubain and d. Taylox, ™Chousability in
Grapas*, publisned in Proceedings _ot the Huapoldt State
Unjversity _Conference _on__Grabn Taeory, Coapinatorics andgd
Coaputing, 1980. (<0 copies enCiosed with this report)

A graph is 2-chousuble 1ff each counnected component is 2~choosapie, soO
¥ve Lestrict our attention to connected grapase. To start tane
investigatiou oi which graphs are 2-choisaole, coOnsider a nole of

valance 1., We can dlvways caovse oue Of its two letters after deciding




whiCh Jlectter tO Chuuse LL0s the Oue hode adjacedt. The ODVIOUS talng
tO dU 15 prune away noees Ot vaieuce 1, successively uatil we reach

the core, vhich has no nodes 01 valince.
AmOng tae tneoreus proved 1sS: & dgraph i& <—cuoosanle if, and only ig,
the core of G belongs to

T = 8.Cm2482,2,2n 3 w2V
[ 4

’
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~ S.H. Goiovuwpb, "ihe Evidence for Portune®s Coujecture®™,
Hathepatics fagiZiue, Vol. 54, Sejipteaber 1961, pp. 209-210.
(20 copies seut waith priur report)
Euciid®s proor that there are anfinitedy many pilkes 1s based ui tue
obserCVatiou that it hn=g1*1 1% uot 1tselr praimse (#here Pﬂ:pipz°'°pn 1s

the product of the first n primes), it aust stils contain a priae

Iactoi larger than P -

B. MATHEMATICAL MODELS OP BASIC PRYSICAL PHENOMENA

REEERB S RERBELE R E L

- SJ.¥W. Goloub, “Rupik®s Cube anu a MNodeld of Quark
Confinement"™, American_Journgl ou_?Paysics, Vol. 49, No. 1,
Noveaper 1983, pr. W3L=W31. («V copies sent with prior

" report)
<
Designating a +120 rotation ("twast®) of a corner cCeil oOf Hupik®s
- | '
cube (a popuiar geomellic puzzle) as a (mataeaatical) yuark, and a
o

—116' rotation 0f a corner cell as a (wathematical) ant.guark, the

same restrictions tnat contine phy-iCal guarks are ouserved to hoid,
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viz. isviated guarks Caabot arilse, abd in geneval, combinations Oz
UuLKS and antigjuUalks Calk UAly OCCUr 1t the excess O O©ue type over

the other is a mulitlgle oI tarLec.

Feo ADAPTIVE NOTCH FILTERING FOR SPECTRAL LINE ESTIMATIONS

- D.V.B. RKao, and S.Y. Kung, "Adaptive Notca Pilcering for the
Retrieval of sinusoidai Sighdis in Coivred Noise™, to appear
an IEEE Trans._on_ASS5P, 19b2l. (20 copics euclosed witkh this
Ieport)

A notch filtering technigue 1s cqevelopec ror eStlwating the
frequencies of sinusocidai sSaguais 1n adaitive, uncorreiatea nolse,
colorea or white. The tecanique may De regarded as a blend or tae
tiae anda _frequency dowmain approaches. First, it 1is shown that a
Irequeucy domain analysis leads naturally to tne adoption of tae notca
fiiter for unbiased estimates of the freguencies. Then an
approximation in tne <time domain analysis leads to a coastrained
autoregressive moving average model which results in a siaplified
parameterization of tne filter. Tais model is useful in establishinyg
its comnecticn tou existing popular methods: autoregressive nmodel
based and PiS¢:énko's harmonic Gecosmpousition methods. For adaptive
estimation of the parawmeters .a stochastic Gauss-Newton aethod 1is
developad, and the reiated cunvergence 1LsSsues arfe exaained. Por the
iaplesentation of the falter, ih addition to direct forms, efticient
Casc&de ana Pafallel forus are aiso eXxamifNed. MHore significantly, the

methoa possSesses the frequency decwpling property typicai of




L4

frequency dosmain pethous which aiiows the probaeas to pe pactitioned
into smaller subproblens tOL fpaCaslel processing. Tue simulation

resuits presented suppoLt and substantiate the nethouad asa ubalysis.

BERSEPEVREEPERERSE RS E

-~ S.Y. Kung, and D.V.B. Rao, “Anaiysis and Implementation of
the Adaptive #dotch Filter for Preguency Estaimation®™,
Proceedings _of the _1lnternational Conference on_Acoustics,
Speech, and_sSignai_Plrocessing, London, May 19o2. (20 copaes
enclosed with this report)

This paper enmances sowe theoretical and implementation aspects Or a
cvastraiued altoreyressive woOViLg dVerage @moael, the notch filter
model deveioped 1n [1) for the estimation of sinusoidal signals in
addxﬁ;ve, uncorrelated LOiLSe, colorea or white. This model 1is shown
to approximsate tne actual signal pius noise model. In addition, tae
parameter g;tiudtes obtained by miniwmization or the output power of
the notch fiiter approximate the maximsum likelihood estimate or tae
model parametecrs. The relationship of the notcn filtering approach to
the existing autoregressive and Pasarenko uaectnods 1s estaplisaed.
Next, a scheae to coabine tast convergence anu unbiased estimation is
suggesteG. Llastly, certaln implementaticn aspects of tne filter are
considered and the wethoa 1is shown tO be amenable to paralles

Erocessiung.

AR PREEREEERE KL IR ERS

— S.Y. Kung, and L.V.b. Ra®0, "An uUnbiased adaptive hethod tor
© Retrilevald oL Sinusoidadl Signais in Colored Noise®,
Proceedings_o1_the 20th_ _Itis Conference on__Dbecision__and

_Controi, ppe. bUI=b07, Decewpar 1ybl. (<U COpPles sent vwith
Prior repoct)
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The problem of ret.ieving narrvwbana or siLusoiaad signals in agditive
noise, colored or waite, As consicered in this paper. A
fteguency—domain‘au41y515 i1cads to a notch tilter estiwator producing
unbiased estiwates or the sinusoidal trequencies. The notch filter
leids itseil naturaiiy to a frequency decoupied realization i.e.
cascaded form reaiization. This has aesirable nuaerical consequeaces
which is essential for resoiving ciosely spaced spectral lines. The
method also features an adjustabie debliasing paraaeter whose proper
adjustment resules in a decent rate of conergence to highly accurate
estimates. Based on soae fregquency-tracking siaulations, the metnod

also appears to possess good trackiny capabiiity.
BRAPPERERSEEINIRBRERE

— S.Y. Kung and D.V.b. Rao, "Adaptive Notch Piltering for
Spectral Line Enhancenent"™, ASSP *87. (L0 copies enclosed
with this report) ‘
This paper presents a new perspective to the problem of recursive
spectral line ecaohancewent, namely that of rectrieving nacrrow-band or
sinusoidal signals in agditive noise, colorea or white. Through a
frequenscy-domain anaiysis, a mnew adaptive method based on a special
notch filter structure is adopted. Theoretically, unlike aost
existing methods, the new method is capable of producing unbiased
estinmates of the sinusoidal freyuencies; practically, the method also
possesses some Strong numericai teatules: Due to paraaetric
sensitivity, a cascaae structure has té be used i1n lieu o0t a canonical
struétute in order tou resolve closely spaced spectral lines. Due to

the speciual fregueucy characteristics or the anotch filter, a woartied
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gradient method 1S projusetd Lo ensure a rODPUST audptive adjustaent ot
the fiiter Coetticlients. finally, tine Wetacu Ieagures on  adjustanle
deblasSlilid paradeter whose proper adjustwent resuits a0 a nigasy
acCcurate estimate at a very deceut converyence rate. Based on
LUBELOous SiRUAQtlUnS Cconductea, the wmethod appears to exhipit high

accuracy, aiga resolutiun as well as excellent tracking Capapisity.

Ge STOCHASTIC REALIZATION AND HIGH—RESOLUTION SPECTRAL ESTIMATION

— S.Y. Kung, ana Y.b. Bu, "Iaprovea Fisarenko®s Sainusoidal
Spectrua Estiwmate via SVD SuuspaCe approxiwation nethods™,
Broceeaings _<ist Ly, Urlando, Florida, Dec. b=y, Vbi. (1
preprint enciGsed with this repourt)

This paper precsehits two nuaserically stavle Pisarenho type Spectrun
estimators pased Ou a Subspace approximation approach. a4 sinusoadgal
signal plus noOise @odel 1is assumed. By using tue singular vailiue
decoaposition, the Covariance asatrix 1s decomposed into a sagual
supspace whica Lrepresents tae signal component; and a noise supspdace
which represeats the aoise coutributions. 7The first aethod makes use
of a2 signal supspace structure wnicn cChaTacterizes tie signal
covariénce matCix by a linear systea tripie (A,b,c). Tnen the
ftrequencies of tne signal »inusoids are soived as the eiyenvalues of
tne A watrix. Tae secoud metanod utilizes a Toeplitz structure or the
noise subspace. Theu a subspace approximation prucedure is taken to
find an estimate of tais nolse supspace. Tne Ireguancy estiuates are
then solved as the Trots 0f the detining Seguence of this Toeplaitz
noise supspace Butrix. Siwulation results are furnishea to illustrace

the advantages of these propused nev methods.
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- S.Y. nung, "kartial keailzations: :xisteiacCe, Julyueness anda

1 Hiniwalicy", froceedings _of internationa. Symposiua on

r Circuits _aud _Svstens, Kouwe, May IWo2. (<V repriuts euclosed
with this report)

Tnis paper deveicps SOie DasiC Trank prperties on  Hankel @atr
! whach JLead to a siaple solution to the tundamental questions of
existence, unigueness, and Minimality ot partiul realization.

‘ result plays a 1role 1n systems parametrization which has sev

b apolications as illusctrated in the eXxaapie given.

REERESRREEE SN R KRR

- S.Y. Kung, "™New Unkbiased Metnods 10or Narrowoand Spectral
Estimation™, 12AC__on__theory _and__Applicdation _oOf Digital
controli, dKev welai, India, pp. 1—v, January 55—/, 11962. (29
Ceprints euacivsed with thas report)

—_— 3
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‘ — S Kung, "A Toeplitz Approximation #Method and Some
o Applications™, Internatiohai Sywmposiun on Mathematical
Theory _of Netwolks and__Systems, Sanhta donica, CA, pp.
264=266, aug. 5-9, 1981. (<0 coupies seat with prior report)

A narrowband/sinusoidai signal retrievai problem 1s foraulated

approximation method bpased on singular value ~ decoxposition

propused.
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H. YODEL REDUCTION VIA SINGULAR VALOE DECOMPOSITION

PEEEEKBEEEEPEESEEE SR 5

— Y.V. Genin and 35.Y. Kang, "A Tvo~Variable approach to tae
Model Reductiou Problem with Hankel Norm Criterion®, IicE
Irans. op__Circuits__ang Systens, Vol. Cas—<Zb, No. ¥, p.
912924, Sept. 19581, (40 copies sent with prior report)

o A two-variable approach to the model reduction prublexs with riaskel
= nora criterion is discussed. The problem is proved to be reducible to
v‘ obtaining a two-variabie aill—pass raticnal function, iuterpolating a
t set of parametric values at specified points inside tne umit circle.

A polyuomial formuiation ana the prdpertles of the optimai Hankel noca
1 approximations are tanen saown to resu.t directly fros the general fora

of the soiution of the interpoiation probler coasidered.

BEEES XSS A EEBEREBE S

- S.X. Kung, and D.W. Lin, *“Uptimal Hankel Nora HModel
Reductions: Multivariable Systeas™, IBgE _ lrans._ _on
Automatjc _Control, Voli. AC-20, No. &4, pp. 832-b52, August
198%. (20 copies sent with prior report)

This paper represents a tirst atteapt to derive a closed-toca
(Eankel-norm) optiaal solution for multivariaboie systea reduction
probléns. The basic idea is to extend the scalar case approach to
deal with cthe aultivariapie systea. <he major contribution lies in
the development of a4 manimal deyree approximation (#4ODA) theorem ana a
computation aigorithme. fthe main theorem describes a closed-rora
forsulataon tor the optisal optimal approximants, with the optimality

verified bpy a compiete error analysis. In deravang tae main taeorLea,
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some usetus singular value/vector pPrupecties associated wvith
plock~hanhel matrices are expluied and a key extension tneorea is also
developed. lapedaded in the poiynowial—thecoretic deravation of the
extension theorem is an ettficient approximation algorithm. Ihis
algorithm consists of thiee steps: (1) counpute the wminimal bpasis
solution o0f a polynomial wmatrix eguation; (ii) solve an algebraic
Riccati equation; anad (iii) tina the partial fraction expansion of a

rational matrix.

RS EEE SRR EREE K FREE

~ S.f. Kungy, and L.Ww. Lin, "kecent Progcess in Linear Systen
Model—-Reduction via Hakrkei Matrix Approximaction”, invited
-lecture Ior State-of—the-Art heview ot Systeas
Approximation, Burcopean Conterahce_ _on_ _Circuit Theory and
Desiqgn_ (EcC10) °b3, “Yhe nHayue, The Netheriands, August Wul.
(20 copies included with this report) '

This paper presents a briet review of several major approaches to
linear system modei reduction problems. Emphasis is pilaced upon two
classes of Hanxel approximation methods. Using a singular value
decompositions un the systea Hankel matrix, the singularc
values/vectors are categorized into priancipal—~conponeut aand
perturbational-claponent sets. The rirst kind of Hankel approximation
metnod adopts an adjustment of the Hankel matrix, waith the adjustaeant

derived fros éertu:bdtional singular values/vectors. Both

‘discrete~timne and continuous time cases are considered. Sisgulation

resusts and comparisons are documented. Finally, the paper brietly
reviews hankel approxiaation methods for sultivariable systemss; and at
rurtner suggests a Bnew scheue tor solving trequency—weigated

approximation probleus.
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-~ Dale. Lin &ana S.Y. Kuhyg, “uptisai hankel—NoOra Approximation
of Continucus~Tiwe Linear Systeas®™, Circuit, _System, &
Siypal Progess, Voi. 3, NHo. 34, birkhavser, inc., Boston.
(1 preprint included with this report)

A problea on optimal approaimsation Or continuous-—time iinear systeas
is studied. ‘[he pertorsance aeasure (erruvr) 15 chosen to pe the
spectral nors Oor the difterence bDetween the Haadkel opezators
assoclated wath the origyinal sysctem and the approximant. It 1s sShowa
that the lankel OpeldlOrs assuCiated witn contipnuous—time systews aad
the naukel satTices assuCratea with dlscrete—tiome systeas are Ceaaced
py an interesting correspondence 'prope:ty via bilinear transtoras.
Thas tact is tpen usea to derive the countinuvus—tiae resuits (theory
and algorituns) from tae established aisCrete—time ones. Soaa simple

eXxaaples are presented.

SEREEEERE B ER SR EEEES

- S« Kung, and D.W. Lin, *"™A State-Space Porasulation £for
Optisal Hankel-Nore Approximations*®, to appear ia IEEE
Trgus. on Automatic Coptrol, voi. AC=26, NO. 4, pp. 9U2-H40,
Auwgust 1981. (<V coupies sent with prior report)

Tae optimal Hankeli-nors approxisation problem studied in (1] is
reforanulated in a state-space setting. 7The cruciai Extension Theorea
is ru-establishea in this tramework. The mipisal aeyree optiaal

approximation is then derived iu teras Ot state—=sSpaCe paraneters.

BESSEIBEFER U EER R RSN

- S.f. Kuag, "™ptiwal Hanrei—-horm btodeld kaauctious — dcalar
Systems™, TO appear oa Igic TrgnsS.ou Automqtic _controle. (1
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preprint euciGsed with thas report)

Tais paper deals with the optikad llalKel=-uufn wOdel recuctions via a
pulynomiai apprOaCh. ‘1be major coatcritutions dinciude (i) a siaple
gJeueralized eigenvalue probles tormulation yieldiny a closea=foca
s50iUtion for the minisai-NOrR-apPpProxiwativon prudieas, ana (1i) a 1ast
BFD (matrix-fraction—daescriptiou) alyuritha, based on an aajoint
systems matrax, for the minisai~dcgree—approsisation prouleas.
Significantly, the saue approach can alsdO be successfully extena2a to

continuous—tine as welli as aulti-variaple systems.
BEEREEEEE RS ELBRE RS %

- S.Y. Kuuy and D.d. Lin, "Optiwal Hankei—norm keductions:
Bultivariable Systews™, Eroc. _of tpe 1930 Contereance on
Decisiop and Control, pve 1o7=194, New MexicO, December
1980. (JU copies sent watn prior report)

SEFERERER RS ESEE R NR K

- S.Y. Kung, ™A New Low—Urder Approximation Algoritha via
Singular Vaiue Decomposition®, Subaittea to the (IEEE Traps.
on_Automatic Controi. (1 preprint encloseu wita tais report)

BESEREBEE IS L ERREBEE S

- S5.Y. Kung, "New Fast aigorithms tor Optimai Model

Reductions"™, Proc. ot tne 1930 JACC, San Prancxaco. CA, Auy.
1980. (7 ccpy sent with pricr report)

NOR CHRON O

-~ 4#.C. Hagmaun, anhu w¥.C. Llindsey, "Netwury Syncaronization
Technigues,”™ NAFO Aavanced Study lustitute, Norwich,
England, August 4o, I980. (JU reprints enciosea wica tais
Teport)
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The purpose of this payer As to 1ntroduce tiue reader to suae recent
netwurk sSyuchrwnization results. Pirst severad network
synchronization technigues ace suanarized. Tais 1s tollowed by
presenting a uuitied wsathematical wodel which characterizes the
statistical openavior ot a bproad class of network syncuronization
techaigues, e.9., plesiochronous, hierarchial waster slave and
sutually syncarunized networks wita and witnout delay coapensation.
iesulté on the stability) of these aetworks as wellL as the steady
state openavior are presented. PFor exanpie, the steady state network
frequency and tiuwe differences between nodes under a no noise
conditrion are evaluated. rinally, tne eftects of clock drift are given
along with a growth algoritha xor the 2initial constructiou of a

syncaruaous netwcork.

SEREERERRBEEEXBEREE &

-~ F. Ghazvinian, ana w.C. Lindsey, "Dissemination ot Time in a
Digital Comaunicataon HNetwork,® National Radio Science
Meeting, January 12-—-15, 1581, Boulder, Coulorado. (Abstract
only.) () copy sent with prior report)

In recent years the importance c¢f digital coamunications has becoae
mOLe apparent and a variety of digital comaunica—- tion networks have
been developed. Osne of the wajor obstacles in developing an efficient
netvork is associated with the task of synchtonizatiou of tne
frequency and phase or all clocks 1n the networke. This paper
investigates a ae«thod of clock synchronization in mutually connected

cossunication networks. In this technique, cdelay lines are antroduced

at each node to cunmpehsate for the transmission delays encountered DYy
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the tiaing sSighais. It 1s Savwn tadt tails petnod can be extendea to
luciude the syacanruiizetivu 0f networks with woving tezmanals which
are SU2JeCt LU HUCa LacCiols S we cnanye 1n transmiassion delay aand
the ireyuenc) shift by doppler eftect. 1he perforsance critecion 1a a
SynCarunizeQ network is pased on tue time ditterence opetveen tne
clocks in the aetworke. These tliue IOl Processes are Lanaou 11
nature and depend on ffreguency dritt and paase noise of tae
OsCiilators. In this paper a yeLeral watClx exyression 1s derived tor
the N=tn sStructure iunction of tize error process. For certdin
topologies of interest, these structure IUNCTLIONS afLe cCosputed Lol
mutually synchronized networks and their results are coapared to the

Case vwhere thegfe are no coupiinygs between the Clocks.

REBEE S ESEEER BB XS RE S

- W.C. Hagaann and W.C. Linasey, "Soae Results on Time ana
Prequency Transter in Mutually Syncaronized HNetworks,*®
dational Radio Science fNeetiny, Janudry 12-%o, 1981,
Boulder, Colorado. (Apstract unly) (1 copy sent with prior
report)

-

A gehetal mathemsatical model describang tise and fregqueancy
distribution networks is presented. Special attention wiii be given
to autual synchrunization. Various functional models shall be
introduced. A ‘Linearized mathematical model and its appiicapirlity
‘'will be discussea. 5uttic1eut:conu;tzons tor uetworx stapility will
be given and approximate poie locations wiil pe presented ror a
special “equal delay'" networkx. The steady State Denavior, i.e., tae
steaéy state network freguency anu the steady state aodal time errocrs

will pe developed. 7Tue inrluence Of CLOCKk Gritt on these tize errors
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will De 1invesclyated and ali exaRlple yiveu. A Speciacl network yrowtn

alyoritha 1S preseunteu wvhich @mioirizes the aisturpances to the

SYncCarchous hnetwurk us it grows.

BREREERRERE S kERERE*

-~ W.C. Llindsey, P. Guazvinian, and W.C. dagwann, “Tise and
Preguency 1lraasfer aD Laxa Ccoamwunication Netwoxrks®,
Iuternational Syaposium on Intorsation %Theory, February
9-12, 1981, Santa Bonica, California (aAbstract Only). (1
copy sent with prior report)

One of tne majoxr probless in developing an eZfticient digital

coamunication netwoerk 1s associatea Wwith the task ot the netvork.
Different metnods or distripbuting tise and frejyuency are discussed and

a general mathewatical wouel describing all these techiiques is

developed. Special actentaon is given to autual syncnronization- and

fuunctioual maodels are antroauced for this method.

Performance measures tror time and frequency distribution networks are
discussed. The infiuences of fregquency drift and phase noise prucess

Of the clocks oOon the time error processes arfe investigated. A

comparison is wade between nmutually synchrouizea and plesiochroaous

netvorks. a special netvwork growth algoritam is preseanted

Pinally,
which miniaized network disturbances due to topological changes 1a the

netvork structure.

SEESSREREREES R R BE KX

- W. Hagmann, f. Ghazvigian, and WeCe Linasey,
®Synuchronization lechnigues for nobi.e User Satellite
Systens", Piroceedings or _tke Internatavnal Comwmunicatious
Cunference, Jdbkis, June 19581, pp. dJev.1=-DYu4.D. (<V cuplres
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Sent vitn pPLior repurt)

It 15 shown 10 this paper how the structures of a class ot clused luop
rangihRg and SYnNCaronizutlion systems tollow readily frow a basic open
loop time dassesirnation aund ranging technique. The channel delay is
tracked 1in a ciosed loop fasnion apnd tois estimate is used to
precorrect tne data trausmissioun. This dynaaiC precorrection reauces
tone influence of caabnnel dynakics odd makes tae systea attractive tor

satellite systems with mobile users.

BRPSER BB 2B VNBERERES

— Wl e Lindsey, F. Ghazvinian, aud w.C. dagmann, ™kitects of
Clock Fhase iustabilities on the Pectormance of Syuncancouous
Netwurks", Supkitted for publication to NIC. (1 preprint
sSeut with prior report) .

This paper investigates the etfects of pnase iastadbilities on tae

pecrforaance of a synchronous digital coaskunicatioa networke.

The perforasance ¢f the network is characterized in tecms of the n-th
incresent o0 the time procecsses observed at the nodes and the tiae
error generated between the network nodes and their associated

structure functicn.

A mathematical sodel describing the operation of the network is
developed. 7This acdel is then used to show how the clock phase
instabilities intluence the synchronization accuracy in
Plesiochionous, master—slave anua asutually synchron.zed networks of
CAOCKS o It is snown that synchronous networks exnibit a smaller tine

error variance within the netwuik thau plesiochronous networks. It 1is
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also shown that the netrorx tipe process 1 4 hutually syncaronized
network 1s less intiuenced by the oscililatour phase faoise than the one

in a master—slave network.

BEEEREEIRRB SR BT BE RN R

— ¥.C. Lindsey, #.C. Bagmann, and P;fsndzvinian, BNetwork
Synchronization Techniques: An Overview", Suppitted for
publication to NIC. Also publishea an ntz Archav Bd. 4
(W98 , Ppe. 163-188. (20 copies enclosed witn tanis repart)

The paper gives an oOverview over Various network synchrosization
techaiques whick have Deen Lloposed in the iiterature. It is showd
how they can be classitied in an easy and straightforward way enabling
a fair comparison between the different technigues. seneric
advantages and aisadvantages of the basic tecnairgques, plesiochroaous,
master-slave ana mutual, are discussed, and an extensive Treterence

list is given.

)

BERSEESEFBERERERE SRR

— W.C. Lindsey, P. Ghazvinian and W.C. nagmann, ®Phase Noise
Effects on Synchrounous Network Performance®, Proceedings _of
the National Telecoumunications _Conierence, Institute of
Electricai ana klectronics Engikvers, DeCemper 1981, pp.
P1.3.1-P1.3.5. (20 copies sent with prior report).
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P - This paper 1investigates the effects of phase instabilities on the
v perforaance of a synchronous cigital cosmuuication aetwork. The
S

g pertormance of the network is characterized in teras of the n—th
2

{ increment of the tise error process generatea between network nodes
- and ics associated structure ruaction. A matachdtical aodel
L aescribing the operation or the pnetwork 1S develouped. This model is
.

]
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then used LU CalCulate aluld COMPure tac STructufal noments or the tiae
erLor procCesses tor lNetwolks cuployinyg plesicvchronous, wsdstef-siave

and wmutual syachionication tecnniques.

BRERE R ERREEE R SRR RN

— W.C. Liandsey and H.Jd. Cnoi, "Mutual Syacaronization or 1wo
Oscislators®™, National Telecowmmuusicataions _cConfersance_ necord,
tGalveston, 1X, I90¢ (to appear). (1 preprint enclosed witn
this report)

In tnis paper, Various appruaches for the mutual syachronizativus orc
two geographicalay sepaltiated 05C114atOLs are preseidted. Mathematical
aodels o0f these sysSteas arle proposeﬁ aua uetwork perforwmance measures
are detined. it is shown <that perfourmauce can ope improved Dy
dicferent wsethods ©or amplewentation at the expeuse o0f network

compiexity.

BREXSEEEREEEE XK EE 2R K

— K. Dessouky aud W.C. Lindsey, “Stutisticul Characterization
ot a System of Zwo Mutuaslly Synchronized Oscillators®,
Mational Telecommunications _Contereuce hkecord, Gaiveston,

TX, 1962 (tO apfpear). (1 preprant enciosed wito tais
repurt)

Tais Paper presents a theory for a systea orf two mutually syanchronized
phase—~locked osciliators. The theory 1s based on the treatsent of
sinusoidal phaSe~iuckeec loops operating an the noulinear rejiae.
Three key phase ancrement processes are aefined, thear physicas
ueaging explained ana thelr probabxlxtf Gensity tfuuction gerived. lae
etzeéts of transwission desays and frequency iastabiasities 1in taoe

System ale Studied through tuell ettects oun the deusities 0L thuese
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- W.C. Linasey and C.Y. Yooun, “Pnase Locked Louop Perforwauce
in the PreselCe ot CW linterference and adaditive HNoise",
Acceptea tor publication in fnEE Trans. on Cuamunlcatlonb,
October 1%¥8<. (DOL Yyet anlLup;e)

BEEBREERRKBE S X EERERE S

— P. Ghazvinian, Syuchromization_ _in__Digatal Comaunication
Networks, PhD dissectation, vept. oi Electrical cngineeriang,
University oi Southern Calitornida, Los Angeles, CA, August
1981. (1 copy sent wita prior report)

Syuchronization in digital coOakuniCatiOn ascetworks, referred to as

necwork syncaronization, 1S basically tae distripution ot fregqueacy

and time to all the nodes in the networgk.

In the past two qQecades, the problea oI network sSyncaronization aas
been studied extensively and many technigues have been proposed for
achieving synchrwization. These technigues can be divided iato
several difterent Cateyories depenaing on the pature or the
controlling signals used in obtaining synchronization. The basic
operatiag pcinciple of these synchrcnization methoas aad thear

inherent advantages and disadvantages are discussed in this thesis.

Tne wajor consideration in tne'Aesign Oor a syunchronuus network is
based o0n the ease of inpiementatioh ot tke netwurk. In this thesis
tne functional model of a synchronous network is aescribea. The basic
inplementation o¢f o two-nodaas network with aand without deaay

cCompensation is presentea aua, for the case 0of aelay cumpeusatea

PO S— |
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uetworks, a delay weaSureneust techaigue is  introauced and its

operation 1s descrived.

170 abalyYze the Dbenavicr ot syncaconous netvworks, a unitied
mathematiCul mouel o1 syuchronous networks is dJdeveloped which as
capable ot descrioing the operation ot all syncaronization teconigues.
A set of performance scasures are detined in order to evaluate the
pehavior ot syncaronous networks. Then using the aataematical model
ot the network, the following pertormauce measures are calculated for
several networks witn diftrerent sSyncanrcnization tecaniques and the
results- are Compaled With each other.

1. The concepts oOrf stapility is detined and sutfzicient
condativons tor stavle operation of synchronous netwurks are
presented. :

2. The steady state network frequency and the steauy state
time disctribution between the nodes of the network are
evaluated and tae signiticance ot deiay compesnsation
techniques is pointed out.

3. The semnsitivaty ot the network to structural cnanges an its
topology is aiscussed and sowe technigues are introduced to
reduce tne perturbataion in the network due to addition or
deletion ot 4 node to or from the network. :

4. The eftects of phase noise of the clocks on the time error
process petween the nodes in the network are evaluated tor
different Detworks and it is snown that mutual
syuchronizdation has the property of reaucing the effect of
phase noise.

Finally, propblems of syncnronization of nonstationary netsorks are

pointed out and some measures are introduced to overcome these

difficuities.
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— K. Dessouky, Noutinedr Thneofy _of nutnually Syncaronized
VUscillators, Ph.D.Dissertation, Departueutr of £Electrical
£ngineering, University or Southern Calafornia, Novemder
Tyg2. (Mot yet avallanle)

In thas tnesis, a theory 1s aeveloped for a system of autuaily
syncaronized osciliators. Tne systea discussed employs bhase-locked
oscillators with sinusoidal phase detector characteristics. Phe
objective 1is t¢ cnaracterize tne Steady State benavior of tae systen
when 1t operates nonlinearly in the presence of noise. AS a cCesult,
N0 atteapt is wade to approximate Or linearize the pnase detecror
characteristics. JInsSteaa, tke resuits ot the theory of stochastic
: \

difrferéntial equations are used to obtain the desired statistical

characterization ot the systen.

A mathematical model for tnme mutual synchronization systea is ‘tirst
presented. To obtain explicit results with the aonlinear differentiai
equations evolved, a system of two nodes is considered. Three key
phase increment '‘prucesses are detined and their physical ameaning
explained. These 1nCrement processes descripbe the phase error in the
systea, the stability ot the tiue scales at each node, and the tiae
interval error Ot the system. Tnrouga the increment processes,
applying the useful tools of nou-linear phase—locked loop analysis to

mutual syncaronization becomes possiple.

The core of the thesis contains the deveiopmeat or the stochastic
ditferentias eguations descrioiung the 2ancrenent processes, and the
decivation of thearx probabilaty density tunctions. The

syucatunization systea 1s atfected Ly LOISe, trauskission pauta delays,
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delay compensation, aliw Oscrllator freguency instapilities. Tae
etfrects they have ua the system are studieda tnhrough their etrects on
tone propvability density ftunctions oif the aiffereut increwent
processes. Ihe effects of loop yain assymetrics on the phase error an

the systek are aiso investigated.

Atter p;resenting tae density functions of ’the mncrempent processes
obtained DY nonlinear analysis, very useful Gaussian approxismatioas
for these densities are developed ana discussed. TOo complete the
study Qf the Dnoniinear behavior o©of the synchronized system, the

phencmenor of cycle slippiug, which occurs between dand at each of the

nodes, is analyzed.
J- APPLICATIONS OF MNUMBER THEORET]C TRANSPORMS

— 1.5. Reed, H.M. Shao, T.K. Truong, "Past Poiyunomal Transfora
and its Imoplewentation bpy Cosmputer®™, ILE Proc., Vol. 128,
Pt. E., BO. 1, Barch 1981, pp. 50-b6v. (30 copies sent with

prior repor?)
Recently a new algorithm was developed to compute two-—dimensional
cyclic convolution by what is callea the PPL (tast polynomial
transtorm) aligoritame. In this paper this nev algoritha is fur<aer
studied and inplengnted oun a general purpose coamputer. Methoas to
cope witn finite core nenofy linitations are presented and actual

cowputational speed pertormancCes are listea.

FEREERRBRERRRRERERLER

- N. Glover, I.S. keeu, T.f. Truony and J.P. Huang, "sethucs
to heduce tne Taple Look—Up kegquireaents tor Finding Logs or
ALtiiogs ©Of Elemnchts 1D a Gaiois Pield", subaitted to 1lEZ
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Proceedings, btart F. (1 preprint enclosec witn tais report)

iet GF(g) be o tinite fiela, where g=p™ and p is prime. Pulynoaial
multiplications in GF(g) requirea to ‘eucode aud decode BCh and
Revd—Solomon (BRS) coaes aIe perrocraed often usiung log and antilog
tanles of ﬁn—1 Dou-zero tield elements. It 2s shown ia this paper
that for g=pa‘ and p®+1 a priwme, the 10g and the antiluy of a fieldc
element can be tound with two swaller tabies of gi+1 and pp-i
elesents, Trespectively. The amethod 1s based on a use of the Chiaese
Remainder theorem. Tais teCulilyue results in.a Signiricant reductioan
il the mewOry requireacelts of the propiem. It is saown pore yeneraisly
tihat for §~1391P2"°3k=“1"2°"ﬁg‘ wuele o =p. for 1<i<k, taples oi uy
elemeants, », elenents,...,mk elements ulso can be used to tind logs
and antilogs over GF(g). In the latter metboa, further reductioas iu
tae déibfjiieguiremeuns are ucnieved, aowever, at taoe possible exPense

of a greater numter of operations.

RS RESEREES R R R EP R K

-~ I1.5. keed, 1T.K. Truong, ®A New Algorithm for Coaputiang
Primitive tlements in Gf{gz)“, submitted to 1EEE Trans.
Information Tneocy. (1 preprint eaclosed wath this report)

A new method is daveloped to find privitive elepents in the Gaiuis
field ot qz elesents Gf(gz), WheCe g 1S a Mersenne prime. Sucha

prisitive elewents are needed to implewment transforas over Gr(qzj.
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- 1.5, HReed, T.(. iruvung, C.~S5. Yeu, B. M. Suaov, “an lwproved

- PPL Algoratha XSS Computiug Two-b.izensionad Cyciic
- Convolutions®, suomitted ©wu [ei irans. acoustics, sSpeech,
- and signal PruCessinge. (1 preprint eucCiOsea Witu tols
1 Leport)

3

ln this paper, an uproved rfat polynomxui transtors (FPT) is developed-

for coaputing =P cyclic couvelutions. In this new proccequre the
! excess-cowplex multiplications 1or computing the reguired polynoaial
, proaucts are elirinated by incorporating them inco the 2P
computation. Also mnew adalgoritams are derived for coaputing tae
modulus reductions anG reconstruction by the Chignese remainder
theorem. it is saowh that The liattel algoratans aave a strfactuce
similar to an PFr-type flouw—structurz. These algorithas recuce the

nuaper Oof additiuns and shitts peeded previvusiy. with these wew

methoas the FPT cau be cuaputed with & aofe systeaatic structuree.

." — - SR EREEEEEREXKE R TR AR &
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- T.K. Truony, I.S. Beed, C.-S. Yeh, "Parallel Architectures
for Computing Cyclic Convolutioas®, suomitted to 1EE
Proceedings, Part k. (1 prepriat eaclosed with this report) i
(This paper is the same as the one that follows..)

In this paper, two parallel arcaitectural structures acre developed to
compute one—~dimeusional cyclaic convolutiocas. <TLhe first structure 1is
based 'on tne Cninese Tresaiader taeorea and fung®s pipelined linear '

array in [6,7]. The second structure :is a directy mappiny from the

TTPrTTrYey Y

mathematical detiuition of o cyclic coavalution to an architectural

hath 22

design. 70 compute a d—oOlnt CyCiic Convolutaon the tirst structure i
needs d/¢ ianer jroduct cells, wnile the secona structure and Kung's

linear array in {4 j reguire u cells. however, to cowpute a4 cyclac
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convulution, the SeCconae sSILLCtule r[eyl.res less tiume thal both the
Iirst structure &G KUDG®S Lihedl allday. ADOtael application of toe
second Structure 1s tuo wmultuiply a Toeplitz matrix by a vectur. A
tavle 1S 1iSted LU COBpPale tuese TWU StLuCtures aud Kung®s liuear
array iu [d]. Both structures are siaple and regyular, aud thererture

sSultabie ror VLSI isplementation.

REBRRE SRS ES RS SEBEEES

- T.fe. Truong, 1.S. seed, C.—S. Yen, “A Parallel AaArcrnitecturce
for Cowputiuy Cvciic Couvoiutions™, accepted for pumvlication
in TENCON °*82, Hong kong. (1 preprint eaciosea witn this
repore)

In this paper, a pafallel—-pipeline, raailix—s architecture iS proposed
Tto impiement the tat polynowliali transform (#P1l). It is shown that
sSuch a structure can ove used to efticiently compute a twwo—dimensional

m-xr+l

convolution oOf 0yxd, Cusplex uusber poiuts, where dy =2 and u2=2m

for <rim.

R EPPBEDEES SR ELBERER

- T.K. Truong, I.S. Eeed, C.-S. Yeh, ®The VLSI Architecture
for a FIR Digital Pilter Using Coaplex Number-Theoretic
Transforas", suomitted to IEZE 1rans. Acoustics, Speecn and
Signal Processang. () preprint enclosed with this report)

In this paper a fpaiallel pipeline architecture is developed to cospute

the 1linear convolution O two sejueuces of arbitraraly loang lenuths
with a complex numper—theoretic transform (CN¥)). In particuiar a
paipeline structure similar to Kuay®s linear drray 1s desigaed to

compute a 243-po.nt CNT. This CNT requires ouly additions and bit
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rotationse. This CNY is used 1in conjunction with a generaiized
overlap—save tecahiyue to coupule a lipnear convolution Of two cCoaplex
sequences of arpitraviiy donyg lenyths. A parailel architecture is
developed to realize this geueralrzed overlap-save scheae with one Cat
and several iaverse CNL of 248 points. Finaily, it is shown that tge
genecalized overlap-save methoa with cosplexc mnuaber-theoretic
ctransforas solves the confiict petween long transtora lengtas and a
wide dynaamic range of the wnumber-theoretic traastornm. This
architecture is regular, simple, and expandaole, and therefore

naturally suitable ror VLSI implementation.

BEEFERERKEEE LS KR KERR K

- T.K. Truong, 1.S. BEReed, C.-S. Yeh, H.M. Shao, ™A Parailel
VISI Architecture tor a Digital Pilter ot Argitrary Leagth.
Usiong Fermatr WNumioer ‘lranLstoras®, accepted for publication
in IEEE International Contereunce on Circuits and Coamputers,
1982, New York. (1 preprint enclosed with this report)

In this paper .a parallel architecture is developed to coapute the

iinear couvolution of two sequences of arpbitrary lengths using the
Fermat nuaber transfora (FNI). Iu particular a pipeline structure is
designed to cosmpute a Ist—poant FNI. In this PNT, onry additions and
bit rotations «are requireda. A standard barrel shifter circuit .s

modified so that it pertorms the required bit rotation operation.

Tne overiap-save metnod is ygenexralized for the PNT to compute a linear
convolution of arbiatrary lenyth. A parallel architecture is developed
to realize tnis type ot uverlap-save methou using one PNI aud several

inverse PANT's of 1¢cv poiats. The gencralized overlap-save aethod
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B alieviates the usual dayuaawlc range Jlimitation in  PNP*s of iony
" transturs lengtas. lts ulcChitecture 1S Legulal, simple, and
3 expandabaie, and therefore naturaily suitapie for VLSL impleaentation.
)
L RSP ESEPSEP PR ELBESEY
E - T.K. Tmon.” LS50 Reed. Re Llpes' Ae R!.lbin, Se B“tm“,

"Digatal SAn Processing Usiug a Faust Polynowlral Transtora®,
supunitted to IEBEE Truns. Acoustics, Speech and Signas
Prucessing. (1 preprint eanciosea with this report)

A m R

In tais paper, a new digital processing algorituss is developed for

P Ii'

producing 1images frow SEASAT Synthetic Aperture Radar (5aR8) Qata.
sSucn SEaSAT operates in tue stripmuppiany mode. This algoritha applies
g the tast poiynvalai trausfora (FPET) Ior computing tne two-diaensional
cyclic correlation ot tue raw ecno data wita tae iapulse response orf a

3 point target. Tkis two-dimensional correlatiou algoricthm solves the

. ranye migration proples. It is demoastrated tnat this SAR processing
technique is —reaaily impleaented oOn a general purpose couputer.

Actual results of SEASAT SAH imagery are given in this paper.

BESERPERESERESEREE LN

- T.f« Truong, I.S5S. Reed, l.~-5. Bsu, K. Wang, C.—S. feh, ®Ine

o VISI Design of a Reed—Solodon cencoder Using Berlekanp®s
Bit-—sSerial Multaiplier Algorithm®, submitted to IEZ2E 1rans.
Computers. (1 preprint enclosed witn tonis report)

& Berlekaap has aeveloped for the Calitornia Institute ot Pechaoloygy Jet
Propulsion LabOlratory (JPL) a bit—serial nmultiplacation algoritoa for

the encoding 0f Reevd-30i0mon (hs) codes, usiny a dual basis over a

Galois fiala. The conveutivnal hdS—encoder tur Jdony codes oxten
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reyuires 1i00x—up tables tu pertocs the auitiplication ot two faield

eleacnts. Berlekamap®s alyoritha reyuires Oily shafting ana
E£xciusive-Us oOperations. It is smown 1in tnis paper taut tae new

dual-basis (255,<¢3) RS—encoder can be rcalizea readily oun a single

VLSI chip vata NEOS tecanology.

BAME SYNCHRONIZATION

SEBEESEEEEE R XL KK EKS &

— R.A. Schoitz, “Fkraae Synchrunization Technigues®™, ILEE
¥rans. on_ Coassunications, pp. 1204-=12313, Aug. 11980. (3v
copies senht with prior report)

A Dbasic theory 01 frane syncarunization 10r a singlie—=cChannel digaitald
ccepunication systea 1s presented, along with extensive retferences to
the literdture. The design o0f <frauwe sackers is discussed and

Cudparisons are dravn witn BOre eXotiC tecnniguies SUch as Comma-ITee

coding.

SEIREERERSBSE LR REEEE

— BR.A. Scholtz, "Prame Synchronization Concepts™, Nationad
Radio Science Meetuing, boulder, Coloraao, Jaguary 13Iz—lo,
198 1. (Apstract only, same as above.) (1 copy sent withn
prior report)

BRSSP EL P BIL EE R BEEEE &

- VKol Wei, and R.a. Scholtz, ®un the Characterizatioan of

Statistically Syucaronizable Loaes™, lkcgi lrgus. oy
Ingorpation ‘I'nevly, dov. 1960. (30 copies sent with prior
‘report)

The class 0f ail ftixeu—iength statistically syuchronizapie CudwesS way

I
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pe completely churacterized ih several ways. 4 simple coadition tor

Geteraining statistiical syncCuCounizapllity 1is demonstrated.
SPEC SIGNAL DESIGN

- Olsen, J.D., Scholtz, K.A., and welch, L.EB., %“Bent-~Function
Seguences™, acCepted for pubiication in IEEE Iraps. on
Information Theory, becember W¥Wss. (1 revised copy enclosed
wath thas report)

In this paper we construct a nev ramiiy ot nonlinear binary signal

sets which achieve Wwelch®s lower bouna on siaultaneous cCrosse-

correlation aund autocorreiation magnitudes.

Given a paraweter, n wita n=0 (kod 4) tne period of the seguences 1is
2"—1, the number Of sSequences in the set is vaz'ana the cross/auto
n/2

correlation tunction has three values with magnitudes ¢ 2 *1. The

n/4,n
eguivalent liinear span c¢f the codes 1s upper pounded by f ( ).
i1=0'1i

Tnese new signal sets have the same size and correlation propertias as
the sSwall set of nasami codes, vut they have important advantages forv
use in spread spectrua multiple access coamunication systeass. Ficst
the sejuences are "balanced™ which represents only a slight advantage.
Second, the sequence genarators are easy to randoaly initialize into
any assigued code aud hence can be rapidly *hopped®™ from sequence to
sequence tor code division amultiple access’ 6petation. Most
importantly, the coudes are nonlinear in that the order of the linear
difference ejuation satistiea by tne seguence can be orders of
saghitude larger thau the numver Of mes0ry elesents in the Jeuerator

taat pruduced ar. Tonias bign eyuivalent linear sSpan assures taat tne
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code Sejyuence cannot be readily analjzeé by a sopnisticated eneay and
then wused tO gpeutraiize the advantages ot the sSpread spectrubn
prccessing.

- Rehe Schoatz, "Uptimas CDMA Codes"™, National

lelecommunications Couf. secord, Washaington, D.C., NoOvewper
1979, pPpP. S6.2.1-4. (3VU reprints seut vitn prior reporct)

This paper surveys sSeveral known sequence sets which nay bde used as
pread spectrum codes in code—division mRmultiple-—access comaunication
systeas. All of the designs basicaily aébieve Yeich®s lower bound on
the maxinum valve ot periodic cross—correlation between signals and

are optimal in this sense.

RENBEELESSE S BD XS B

- Scholtz, Rede, Kumar, PVe, and Welch, LeRa, "A

Generalization ot Bent PFunctious", 1982 International

. Syaposium on iIntormation Taeory, Les Arcs, Prance. (abstract
only) (3 copy sent with prior report)

in this paper, Rothaus® detinition of a bent rfunction is extended to
include a much laryer class of tunctions as tollows: Let J: denote
the set of k—tupies with eiements drawn troam the set of integers aod

g, and let v be a g root of unit tor arbitrary integral g. Thea, a

function £(x) fronm N to Jl is defined to pe bent if the Pourier

q q
£(x)

ccetricients of w all have uuit aagnituae. A large class 0of such

pent functions 15 exhipited and their propecties examined.

BEESRL XX PR RS LB SR BE SR %

- Kusar, P.V., and Schoitz, R.A., ™Bounas on the Linear Span
o1 bent Seguences®, subwittea to the 1iPp Trapsactious _on

. N Y W . " PV Y W
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Inturwation_rreocy. (1 Prerrint seut witu LLiOL IepucLt)

Recently, Olsen, Scavité ana WelCh resentea families oOf bauary
seguences caised bent—function sequences which are geueratea thruuyh
nonlinear operations oun @-Sequences.  These rasilies of sequences

possess asympto-— tucally optiamuam correiation properties and large

eGuivalent linear span (£LS). In this paper, ugper aud iower pounds
to the ELS of pent—function segueuces «¢re derived. The upper buand
isproves upon key'*s upper oouna and tae lower bound obtained through
coastruction, exceeus(n/f>zn/“ where n s the leangth or the shiZt

a/4
register generatiny the uw-secyuencee. Al lhtefesciny geueras CLesuit

,.r ﬁ.,1r.r- cas

—

contained in the deravation is the exnibicion o0f a class of noanliiear

—

v
-

! sequences having iargs £u5.
FEEBRERREEE KB XX P XEE

S : — P.V. Kumar, h.A. S5Choitz, and L.x. Welch, "Generaiized Bent
Puactiocs and Thear Froperues”", subaitted to the Journal on
Coabinatorial 1heory. (1 preprint enciosed wita thils CLeport)

zthe set Ot m—tuples over the inteyers amodaulo q and set 1
T

1
E Let J denote
I =y/=-1, w = e TT. A4S ab extension oOr Rothaus® aotion oO0f a bent

o ) m . . .
tunction, a functiou t, £ : Jq -boé 15 caaiied bent 1f ali the Pourier

A coefficients of ¥ nave unit magnitude. An interesting result saows

T—Y

1 that it 1is iamateriai as to which particular cuvapaiex, primitave,
g 4&1 root w, of unity is used in detining a pent tuaction. Tie natuce
0 of thé Fourier coefficients of a veut function 1s examinea us a proof
tor,gnd non—existeunce Of pent runctious oOver Jg. m oad, y=«(sou &),

given. For evelry Oother pussible vaiuce Of ¢ ana &4, constructiovns ot

has e L o D aui umn s o SRENES 2 g )
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bent functiuns ale proviued.

B. SPREAD SPECTRUNM COMMUNICATIONS HISTORY

— Scholcz, ReA o, ®ithe origyans of Spread Spectrun
Communicaticns®, iibsg Trans. on__comaunications, May 11982,
PP. B822-654. (20 reprints sent Wwaitn prior report)

This monoyraph review events, circa 1920-1960, leadiag to tne
development of spread—spectiua Counsuulcation systems. The WAIN,
Hush-Up, BLADES, PuC—4/Rake, CUDURAC, and ARC-50 systess are featured,
aloug with a aescription of the prLior art iu secure CoOMaunlcativas,
and introquctions tO oOthel early Spread-spectrun comamunication
efrorts. seferences to the availanle ititerature £roa thnis period are

included.

N. SENSOR ARSAY PROCESSING

— Bisenaart, B.5S. and Scooltz, R.A., "Coupied Phase~Trackinyg
Loops for Betrodirective Array Systems," Proceedinygs_of the
National felecommunications Conterence, Irec, Oecemver 13al,
PPe Db.4.1-DU.4.7. (20 cupies seat with prior report)

A method of coupling phase~locked locpgs in tne element receivers of 4
retrodirective arcay is developed. Uader certaisn lanearizing
! assumptions it is shown that tracking—lucp pertormance 1S couparable

to that achievea by a single tracking-loop operating on the output or

an ideal pnasea array antehna systenm.

O. APPROXIMATION OF SYSTENS AND SIGNALS

— L. Pernebo ana L.M. Siiverman, "BdalianCed systems and todel
Reductioun," Proc. I8ta litk Cont. on_uvecisivn_ana_control,
Dec. 14~V4, 1979, pp. bOL—=LOT. (NO Awpstrace) (30 copires
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— M. EBettayeb, L.4. Siiverman, and M. G. SAtonov, "“Optimal
Approximatiou oxr Continuous Triwe," Proc. I1EkL Conterence oa
Decision _and__Control, Dec. I¥bu, pp. 195-1Yo6. (30 copies
sent with prior report)

In [ 1], the problen Oof optiwaully approximating a discrete—tiae systea
by a lower-order systea was sulved based‘on a remarkapie theoreticai
result ot Adamjan, ATOV and Krean {2 ]. In this paper, we derive
similar reduced mwmodeis for contiduvus~time sSysteas USING a new
approacﬁ based on the system structure of the finate dismensional
modek. Concrete algourithas are developed ror tinding approximacions
of any specatied order. ‘these approximations are optiwal in a . well

defined sense.

SRR BEREBRE KRR ER K

— S. Savkoohi, L.M. Silverman, and P. Van Dooien, *sStabpility
of Balanced 7Time-Variable Systea Approximations," Proc. ot

500503, (oV CoOp.es sent wita prior repoirt)

A uniforaly palanced realization for time-varyiny systeas 1s defined.

L Such a frawework nas many remarkable properties and leads to a natural
3 setting for pertorming wodel reduction. It turns out that in many

cases a rLeduced model preserves the properties of the original model.

In this paper stubililty of the reduced systeas 1s fully explored.
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- 5. Shokoohi, L.M. Silverman, and P. Van Dooren, “Stabie
Approximation of wvipe—vVariaple s>ystems™, Pruc. of the I2iC,
International Feaeration_ _on Automatic Contrul, 19381, pp.
Y8—103. (20 copies sent wath praior report)

The avthors previously introduced the notion ot a "unitormly palanced®
realization for tisme-variable systems. This representation is
characterized by the fact that its coatrollability and opservabiiity
grammians are equal and diagonal. Such a frasework has aany
remarkable properties and leads to a setting where the subsystewms can
be taken as reduced model for time-variable systemns. It <xurns out
that once the stagiiity of a supsystem 1s guaganteed, then the
Subsystem preserves wmany ot the properties of the original systea. In

this peper the stability of subsysteas 18 ftuily expiored.

HEEERBEREEE S KSR KR EE R

— S. Shokoohi and L.M. Silverman, wModei Reduction of Discrete
Timne~Variable Systews Via balancing®™, Proc. of the 20tn IEEE
Conf. on Decision_and_Control, 1981, pp. 118-122. (20 ccpies
sent witn Priur repart)

Linear, discrete, time~variable systems are considered and an
important class of uniform realizations is defined. The necessary and
sufficient conditions for a pulse response to be unaforaly realizable
is obtained. Two wodel reduction schemes, one via bpalanciag and the
other Via Hankel wsatrix are proposed. It is shown that the two

approaches yield an identical reduced model which is aiwvays

asysptotically stable.

BERESEEXUIEES BRSNS R
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— E.A. JOonckneere, M.G. Satanoov, and L.M. Silvermsan, "lopology
Iunduced by tne Hankel—-hdurum 10 the Space 0f Trausfer
Matrices", Pruc. of the 4Uth (P2 Cont. on Decision _and
contcol, 1963, ppr. Vlo=-1lle (<U couprles sent with prior
Ceport)

It is shown that tire Hankel norm induces a topoloyy in tne space of
transzer WatricCes WhicCh 1s too weak 1in general for studying stapility

of feedback systeus.

REEFEEFELEDEF S SX XS RE S

- B. Lasngari and L.d. Silverman, “Aprroximation of 2-D Weakly
Causal Filters®, LEcE “rans. on_Circuits and sSystems, vol.
CAS—-2Y, July 182, pp. 48c-4806. (20a.eprints sent with tais
repoure)

A technique for approximating 2-D weakly causal tilters py recursive
ones is presented which also iucludes the design Ot aoansyametric

half-plane ~(NSHP) filrters. An exaaple is given to illustrate tae

proposed technigue.

.

BUEEREEREEE L E SR xR g gk

—~ So. Shokxoohi, L.M. Sailvermnan and P. Van Douren, "Linear
Tiae-Variable Systess: Balancing and Model Reduction™, to
appear in I(EER_Traps. on _Autopatic Control. (1 preprant

sent with this report)
A “uniformly palanced®™ realization for linear tiswse-variable systess 1is
defined. lhis representation is characterized by the fact that its
controliapility anc oubservabality yramwians are egual and diagowmal.
gxistewce and unigueness of the uniformiy balanced realization is
stuaied. sSucn o framewoirk has wany rewmarkabie properties and ieaas to

a novel mechod for appiwximatiLy tisde—variabie systens, waere tae
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supsysteas Of the DasuuCeu Tedsllatioh cah b2 taken as a reducec
wodel. Tae reduced 20del 15 examihed trox the point O vaiew ot

stabilitj, controliapiriity aud observawsility.

KRB EEELEE S SR RE SR EES

- B. Lashgari and L.t. Siitverman, "Cascaue Bealization ot 2-D
Separable in lenominator Pilters™, to appear i1n Cigcuits,
Systews__anda__Signal_ Processind. (3 preprint eacicsed with
this report)

After selecting the mOSt suitaple model for the class ot
two—disensional yurter-plane—causal, recursive, and separable 1in
Genowinator (Cisl) firiters, a procedure ior reailzing a cascade systea
0of sucn tilters 1s aeveloped., The realization utilizes tge individual
CRSD Modeis constituting the Cascade system. An ezawpie 1s given to

further illustrate tne tecapnigue.

Pe_CODE ACKING OP SPREAD SPECTRUM WAVEFORMS

— A. Polydoros, aad C.L. Weber, "un tne Analysis  and
Optimization o0f Correlative ¢Code Tracking Loops"™, IEEE
Trans._ on_ coamnupications. (Accepted for pubiicatiovn) (13
preprint sent with this report)

The -purpose ot tanis pafer is to apply the resevdal theory approaca tor
analyzing aperiouic finite Z-—curve code—tracking Jioups developed oy
Heyr [8) to tae case of a nonconerent arbitrary otfset early/late
delay-locked-loop ("noncohereat d-DLL"™). The exact (renewal) approach
is cospared witn tne approximate (periodic exteasion) appioaca of
using the perivaic S—curve oOr phase-lockea-ioop theory, «s welil as

witn the linear tneoly developed cerein ror tne atoreaentioned

]
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1

éé code—tiacking lcop. Finaliy, loop cptimization with resgect to the
; ortfset 4@ is carried out accorainy tO0 pertoracLCe cCriteria discusseu 1n
3 the Introduction. 1he Iesuits 2udicate that, LOr 10w S8x, the exact

ald approximate theuries could deviate SiGulIlcCaatly while, tor hayn
SNK, all three theories yieid iddenticai pertorzance, as expected.

furtheraore, it is showu that the Ooptiwal @ tor botn low ana high SANg

éitfers froa the comuwonly accepted caoice d=V/4%.

Q- TBACKING OF DIGITALLY HMODULATED SIGNALS

AL~ I

— C.L. Weper and w. Alem, "Demod-kemod <Coheceat iIrackiag
Receiver ror YP>X an@ SPPSK, Iitf_lCanS. On COomiunications,
Vol. CUn—<d, NO. 12, Pp. 1945~19Y54, bec. 19BU. (IV copies
sSent with prior ceport)

Lo eler T Vel

-

A demod—remod conerent tracking loop for QPSK 4and SQPSK is describea
and analyzed. This tyje receiver 1is attractive since all of the
. available signal power is despread and used to generate the trackiag
error signal when the puises reaching the nonlinearities are
rectangular. lhe same aesaod-Temod circuit is widely used <for
bandiimited puises, for which iess than full power is converted to the

carrier phase error sighale.

Als sfsten parameters pertinent to system perforaance are enumeratede.
The etfects of tne IF and arm fiiters on the statistics ur the noase
are deterained. With respect to the sighal, the tiiters are
considered ony insofar as they reduce the delivered signal power. It
"is demonstrated how a tracking phase errur Converts soke Ot the siynal
pover into additional wuwoise power. The cesults or performance

COoaputation are presentede.

A Pl . . P ol . . PO a PRy S
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- C.L. Weber and w.he Alem, "Periforaance Analysis orx
Deaod—-Reaod Coherent Receiver fur (PSK and >QPSK Input®,

Ikgy Trans. on__ Communicarjons, Voi. Con-28, NO. 6, pp.
1954-1968, LDecemper 198V, (30 copies sent wita prior
reonort)

A demod-rescd coherent tracking loop ror Qfs& and SQPSA 1s descrided
ana analyzed in [1). 7%Those results are used to obtain the power
spectrai deasity of the ejuivalent noise ot tne tracking loop and thne
probability deasity fuaction or the steaéy'state phase error. The
eftects of the Ir and arm filtels on the statistaics ot the nolse aand
QPsK s;énal are aevelopea. +The results of perroraance cosputatioas

are presented.

RB. PERPORMANCE OF SPREAD SPECTRUM SYSTEAS IN
A AULTIPLE ACCESS ENVIROMMENT

SR ERE RS R E R EE Kb kRK

— C.L. Weber and G.K. Huth, "Performance Considerations of
- Code Division Aultiple-Access Systeas™, IEEEL _irans. _oOn
Vehicuiar_ _3iechnology, Febn. 1981. (40 reprints sent with
.prior report)
The performance of code division wmultiple-access (CDiA) systens is
detersined using direct-sequence spectral spreading. Asynchroaous
users are assumed so that tapere is no network control. OUnder
relatively 1ideai conditions, the deyradation in systea performsance as
a tanction of the LUEDEer Of USers 1S Shown to unave a taoresaold etfect.

The basic limitativn in the number vf users or the system 1s further

lisitec if tne powers are unegual. Fog two usels, systea pertolaance

S VP S e 1 o a
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as a tuuction of tnelr [ouwer ratios 2lso has a tnresnold eifect.
Systea performsauce as a fuaction ot the awount of spectral spreading
is determined. Ine perrormance of ootu coced and uncoded systeas is

predacted.

SRS BPEL B ESENE R bR K

— CJls Weber anc G.K. Huth, "Performance Considerataouns of
Frequency Hopping Muitiple Access™, Proc. of the Ratiopaa
Telecoamunicarions Counterence, PP. ©0Y.4.l—0Y9.4.5, Houston,
Texas, DeCc. 1980. (3V copies sent with prior report)

Tue basic system parameters o a iregueucy-hopping mult.iple-access
]

systen are iuvestiyated. Nou—coherent pinary FSK and d-acy PSX signal

formats are studied in a ranGCu—uccess aSyncaCoOnous envirunment. Hoth

slow and fast frequency hopriny are considerea.

Under‘reiat}vely ideal conditios, tne degradation in performance with
respect to the aumber of users is Getermined. The dependence on
perforaance due to hoppany rate and bandwidth constraiat is developed.
it is shown, for example, that, tor fast hopping, the optisua nopping
rate -is that waich spreads the Users® pover over tae entire availabdle
bandwidth during eaCh baud tise. 1Tais agrees with the basic sacead
spectrua pnilosopiy ©f BRaking the sigunali appedar white over a wide a

bandwidth as possible.

The computational results describe tae trade—off between tae numper Ot
tones in H-—ary PSK and the nuaber oOf hops per sysbol. Given o
specitied number or tones in tue Ireyuency-nopping system, tne Tesults

describe the manne=- 1n whach the systen uegrades a the uaumber of users
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L is ipcreasede.
E 3 2 XX PYISS Y 22 2 3 2% 3

- C.L. #eper, G.K. Huth and ov.Md. batson, “Performance of
Code-Divisicn #Multiple-iAccess Systeams®™, Record of the
Internatioyal __Conierence op___Comaupications, Seattie,
Washington, June 1930, EPe 15.:.1—1:.:.5. (30 copies sent
with prior report)

The pertornance of culde division aultiple—access (CDdA) systeas is

1
}i determined using direct sequence spectral spreading. Under relatively
8 ) ideal conditions, the degradation in system performance as a fuuction

of the numper of users is shown tu have a threshold eitfect. This

limited. if the powers are unegual. PFor two users, systes perforaance

. . as a function of their power ratio also bhas a threshold etffect.

. 1

basic liwitation in the number of users of the system is tucther
|

|

Systea perforaance as a function of the amount of spectral spreading
is determined. %he pertormance of both coded and uncodead systeas is

predicted.

Se ACQUISITION OF SPREAD SPECTRUM WAVEPORNS

L -~ D.B. DiCarlo aund C.L. Weber, "statistical Performance of

TN Single Dvel. Serial Synchronization Systems%, Proc. NTC *79,

' Washangton, D.C., Nov. 26-29, 1979, pp. 20,2445, (30
Copies sent vith praior report)

Tne probability of svccesstul syncaronization for a single dvell

serial synchronization systea is daerived. This probability is a

-function of the nusber ot cells searched and 1S expressed in teims of

the foiiowing four parameters: the dweil per cell, the detection and

talse alars probabilities and the penalty time for a false alaco.
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Muserical results are pieseutec to show the reiationship petweea taese

palaweters and systeh perfiormancCe.

SEESREEPE S LS P SIS

- C.lL. Wepber and D.n. DiCarlo, ®sultiple Dwell Seriadld
Syncaronization o1 Pseudoncvise Siynals®™, Proceedings of the
Iuternational Cowmunications_ _Contrerence, Iktsg, Juae 9ol,

PPe 3%.8.7=5. ({20 CcOpies sent with prior repore)
A generalized multiple dwell serial search techaigue suitable =or
coarse syachronization of pseudonoise signais is descrived. The
advantage Ot the multiple awell proceaure is5 thdt the examipatioa
perio& need NOT Dbe Lized, thus, incorrect aiignaents can pe quick.iy
discaraea resultingy in a shocrter synchronizationa time than 1s possaiblie

with a fixed dwell time systea.

Theoretical . cohereat detector chacacte;istics acre thea used to
invest}gate the perrormsance oL the multiple dwell serial
synchronization wschnigue tor pseudonolise signals. It is saown taac
the aultiple dwell technigue can reduce the nean'kynchtonxzation tile
and standard deviation by a tactur of taree tros tnat obtained wita a
dvell systea. It 1s also Opserved that the effects of a penaity tise
for a system false alarm can also be nearly eliainated by using tihe

multiple dwell technigque.

PPERLSSUS BB LS RO BB ER Y

« C.L. Weber and D. DiCarlo, "Statistical Pecfornmance ot
Single Dwell terial Synchroulization Systeas®™, IEBE Trans. o

gmmﬁsm!. Voie CGH—‘b, NOe. 8' PP ‘Jb‘-‘l.’db' AUy .
1980. (30 copiws sent witu pLioc report)
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Single dwell serial searcu techinigues ace usetul for Coarse time aua
frequency synchfcn&zatzou Of spreac spectrua systeus. b valdabie
systew perioraance critelrion, hamely the porbability of successtul
syncaroaizatiou tor a siuglie dwell serizal synchronization systea is
derived. The probabiiity 18 a ruaction of the nuuber of cells
searched ana 15 expressed in tegms of the foilowing four parameters:
the dwell per cell, tae detectiovn and false alacrm probabilities and
the penalty time for a false alarm. MNuamerical results are presented
to snow the relataionssip Detween these paraneters and systea

pertorrance.
BERSEFPSEESEP B ESESE S

— D.#f. DiCarlo and C.L. Wweber, "Bultiple Dweil Seriai
MAcyuisition of Direct Sequence Code Signals*™, IEBE Trans._on
Communicatiovns, (Acceptea for publication). {1 preprant
sent with prior report)

The technique of wmultiple dwell seiadl search 1s described aad

'analyzed. The advantage of tne multipie dwell procedure is taat tae

exasmination interval need not be fixea, allowing iacorrect cells to be
guickly discarded, which in turn results in a snorter search time cthan
is possible with a fixed dwell time procedure. 7This type of search
sScCheme 1is particularly usetul for direct sequence code acyguisition in

a spread spectrum comsunication system.

An expiression tor the yenerating function is obtained t£rom o tiow
graph representation uf the multiple dvell techniyle. 7The geseratany
functicn is used to daveiop expressions for tane pean aud variance ot

the search time 10 terms oI the toilowing paraweters: the deell

— s e
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time .- the cetectiuva probability, the tulse alalr prupdbiirty, aud the
talse alars penalty tiste. Conerent detector characteristics are then
used to investligate the pertormance of the sultiple dwell technijue
for direct seguence ccde acquiasitivn. It is shown that the aultiple
dwell procedure caa siguifaicantly reduce the expected acquisition tiae

froa that obtained with a single dwell systes.

SEER RSB RERE S ESL B SLE

— A. Polydoros and C.lL. Weber, “Rapid icguisition Tecanigues
£or Virect-Seyueuce Spreaa Spectrum Systeas 0sing an Analog
Detector®, Proceediangs of the _Nationaa telecommugications
Contecence, IEeB, Deceaber 1901, ppe. A7.1.¥-b. (40 copires
sSent eartier)
A rapia acyquisitioun scheae for virect—-Sequence Spread Spectrum systeas
{DS/58) is descriped, whereby the rate of the “vut—-of-sync® decisions
is an integer aultiple ot the code chip rate. The acjuisition
philosophy is briefly outlined and the overall scheme, eamploying an
ideal (analog) @etector, is analyzed with empnasis on the acyuisition

time statistics. Results show a strong dependence of pertormance on

threshold settings and existing signal—to—-poise ratio (SNR).

SRS SR SRPEEREREE SR EEE

- C.L. Wener and A. Polydoros, "worst Case Considegations for
Direct Sequence PN Acyuisition®, Proc., of the Natiopal
Telecommunications Conterencg, ppe 24.0.1-5, Bouston, fTecas,
Dec. 1960. (30 copies sent with prior report)

‘Wurst-case detection conditions for conerent serial acquisition or Px
Seyuence s ale ueteLninec. Sigaal—tu—uoi1se ratios (Skk) which are

typicas in the sSpread spectirua @uviruvikents are considered. It is
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Sp0¥A taat the WOLSt—Case Curlfelation positicns ate depehdent oh oOniy
tne correlator step size, but these positions are very sensitive to
ShiN. At very .1ow Sea (-3u ab), detection pecroraance is essentially
independent or corieluation position whereas, at higher Ssg (=20 daB),
performsance is very Sensitive to correlator position. 8oth

full-period and partial-jeriod correlations are cousidered.

[}

SESEE B REEREEE RN EREES

— A, Polyaoros and C.L. Wever, "A Unitied Approach to 3Serial
Searcn Acquisition of Direct Seguence 3Syread Sgectrud

Syscens", lEid ITrans., _on_ _Cosmunjications. (accepteda for
pubiication) (1 preprint sent with prior refgoct)

The purpose Ot this paper is threefvla:s first to give an overview ot

the acquisition concept in spreaa spectrum systoms by classifying the

main features ot the curreantly availaple techuiques and by espnasizing
. the pi;§§¥-;;asutes ot overall systea perforaance. Second, to provide
a general framevwork for predicting the acquisition perforsance ot
;yste-s with £fixed dwell tises. Thas 218 doae by extending the
"thevionsly suwgested [2 ] approach tv £low=grapa tecanigues.
The statistics of acquisitaun tise tor the sangle dwell [ 2=3] and
N-Dvell [5) examples are shown to ba special causes of tais unified

approach to acyquisation.

Pinally, the general theory is applied tOo aa example 0L a
tast-decisioL-rate (matched tilter) mnoncohereat acquisitioa receiver
structure in a dairect seguuence spreading systew. The Cesults

illustrate the uraaatic depeundence of tae meau acguisition tiae on
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SysStea parameters.,

T, BINARY SEQUENCES WITH MORE AUTOCORRELATION VALURS

— Wang Ke and L.R. Welcn, "binary dequences with Non-Positive
Autocorrelation Vaiues", Acta rilectronics__Sinica, so. W,
October 1962, Pecple’s hkepubiic or Chinae. (1 preprint
enclosed with this report)

Baumert developed tne tacory of binary seguences witn the property of
transorthogonaaiity and orthogonality for cyclic shifes. furyn
investigated the existence of Dina:} seguences with sasall
autocorreiation vaiues i1n terms Ot ain maxl!a ! where a is the
periodic correlation ana the manimization is over ginary sequegces of
tixed Jleungth. In this paper we restrict the invetigation to cyclic
correlatiun and drop the absolute value sign in the minaax exptes;ion.
1here are a numaber of channels in which large aagnitude negative
correlations are not objectionable. (Signal design for a laser

channel where the initial detector is an energy pulse detector can bpe

tornulated into the present context.)

In this study aany binary sequences were round with autocorrelation
properties in between transorthogonality and ortaogonality. The wmost
inte;esting sequences were those we named lin-Yang sequences vhose out
of )phase correlations are zero except ror T equals to one half the

period when the value 43 negative. Within this class, an iafinaite

tamily is constructed.

An exhaustive 1ist of binary sSeguenCes with non-positive out-ot-phase

autocorredation tor lengtas 4,5,%2,10,40,24,28,32,30,40 was obtained
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DYy cumputer sealch and plesented at the end of this paper.

0. SPECTRAL SHAPING BY REDUNDANCY

— Re=C. Liu, "Generai Method ror Computing tne Spectrua ror
Markov Chains where Waveroruws ace Propapilistic Functions ot
State Transitioas), Pn.v. Dissertation, Department of
Blectricai. Engineering, University of Southern Caiitormia,

June 1%81. (1 copy seat with prior report)
In the design of digital comaunication systeaws, the analysis of signal
spectra plays a very important role. 1This study is concerned with a
digital systes in whiach time is divided into antervals and in each
interval a wavelfuns dsSsOClated witn a message symbol 1S transaitted.
The probleas 1in our discussion are the selection Or waveforms ana
message redundancies rfor reliable reception 1n a nuisy channel and tae
selection Of messuye and waveioras structures so that they do not

intecrtere witn a secondary use oOf tne signal suca as establisaing

frequency and phase synchrony.

In this paper ve will analyze several setauds of insecrting redundancy
to wminimize the. spectral energy hear zero fregquency. When the
resulting signal is modulated onto a4 carrier, cthe resulting siqgaoal
will <then have minimal interference on phase—lock-loop circuits which
establish carrier paase conherence. 7The primary matheaatical tool for
this analysis will be the Markov processes with a finite nuwoer of

states and constant tramnsition probabilities. Tnere are mauy probleas

for which the state space is very larye ana it is impractical to carry

out ‘a direct evaluation using tane traditional metuods. 1n tais study

we develop a practicas method for computing a spectcus of mackov

]
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chains wkere waveforms are proraciiistic functions of state
transitions. Using this wetnod, the calculation proceduces are
greatly simpltied for problems that once were considered as difficuic

taskS.

Ve COMBINATORIAL SEARCHES FOR GOOD CODES

Generation of Linear Biock Codes oy Couwbinatorial
Algorithas, Fn.D. Dissertation, Lepartkent of tlectrical
kEngianeering, Uaiversity of Soutnern California, August 19o0.

(? copy suopmitted witn earlier report)

This dissertation exasines a Combinatoriai existeace probiem in coding
toeory wanich, on tmne face of it, is iwmpractical to solve by computer
search. And 1t deveiops 1deas and techniques to bring the probvlewm
within the Ot practicality and at the same time find good
error—correcting group codes 1in a sense that the codes exceed the
Varsnarmov-Gilbert lower bound in binary symametric <channei wita T

check bits and a minipum distance d among codewordse.
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